Abstract: Transition metal catalyzed cross-coupling reactions occupy a privileged position in chemistry because of their ability to link myriad functional groups. The numerous variants of this class of reactions (e.g., Suzuki, Kumada, Negishi, etc.) differ in the transmetallation agent used to transfer "R" groups onto the catalyst. While understanding any single variant (e.g., Suzuki coupling) can be accomplished through direct analysis of the catalytic cycle, a comprehensive picture that illustrates the interrelationships between the different types of cross-coupling reactions remains absent. Here, using a tool built upon a three-dimensional volcano plot we create a generalized thermodynamic picture of C-C cross-coupling reactions. This "crosscoupling" genome not only facilitates better understanding of catalytic behavior, but also outlines strategies for developing new reaction protocols through the manipulation of easily computed descriptor variables.
Introduction
The formation of new C-C bonds via cross-coupling reactions represents a key weapon in the arsenal of today's synthetic chemist. The versatility and importance of these reaction types cannot be overstated, as attested to by the considerable number of books, [1] [2] [3] [4] review articles, [5] [6] [7] [8] [9] and, of course, the awarding of the 2010 Nobel Prize in Chemistry to Heck, Negishi, and Suzuki for "palladium-catalyzed cross couplings in organic synthesis." [10] [11] [12] Numerous varieties of cross-coupling reaction exist, each with individual strengths and weaknesses (e.g., different functional group tolerances, etc.).
One overarching constant, however, is the need for a transition metal based catalyst that facilitates creation of the final products. As indicated in their Nobel citation, the seminal cross-coupling reactions of Suzuki, [13] [14] [15] [16] Negishi, [17] [18] [19] and Heck [20] [21] [22] all employed Pd-based catalysts to expedite the desired chemical transformations. Other noteworthy cross-coupling "name" reactions employing Pd catalysts include those of Stille, [23] [24] [25] [26] Hiyama, [27] [28] [29] and Kumada. [30] [31] [32] The breadth of modern cross-coupling protocols has expanded considerably since those pioneering works, 13, 17, [23] [24] [25] 27, 30, 31, 33, 34 including the development of new cross-coupling partners (e.g., organolithium species), 35 a proliferation in the use of catalysts incorporating earth abundant metal centers (e.g., Fe or Ni), [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] as well as new ligand systems. [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] Despite noteworthy progress in identifying cheaper and more environmentally responsible catalysts, considerable work remains to further improve the activity and functional group tolerance of these new species. To accomplish this objective, it is desirable to enhance understanding of not only the individual factors that influence catalytic activity but also their relationship to one another, such that new reaction protocols can be rationally designed.
Pinpointing new catalysts possessing one or more desired properties can be accomplished in myriad ways, with different communities having their preferred methods. In heterogeneous and electrochemical catalysis, for example, the search for new species often
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employ volcano plots, 60, 61 which permit facile comparison of large numbers of potential candidates in terms of, e.g., turn-over frequency, overpotential, or desirable thermodynamics. [62] [63] [64] Catalysts with appealing characteristics appear high (e.g., near the peak or on the plateau) on a volcano plot, while those catalysts with worse profiles appear lower.
The volcano plot's intuitive nature greatly enables the facile identification of catalysts possessing high activity. Recently, we transferred this highly valuable tool from heterogeneous/electro-catalysis into the realm of homogeneous catalysis, 65, 66 and showed that volcano plots successfully reproduced a host of experimental observations. Naturally, differences do exist between heterogeneous, electrochemical and homogeneous catalytic systems. For the former, volcano plots are normally cast in a strictly thermodynamic picture, where only reactants, intermediates, and products (and not the transition states connecting those species) found in the catalytic cycle are considered. Generally, the added complexity of homogeneous systems arising from factors such as stereoelectronics and steric bulk means that a thermodynamics only picture describes many, but not all aspects of the catalytic cycle.
Indeed, the merits of considering a strictly thermodynamic as opposed to a combined thermodynamic/kinetic picture of the catalytic cycle has also been discussed by us in detail elsewhere. 66 Despite some shortcomings, volcano plots based only on thermodynamics for homogeneous processes still have the potential to yield general guidelines for predicting catalytic behavior. Thermodynamic volcano plots give a "best case scenario" for each catalyst
and single out species that should be further scrutinized (e.g., with a full computational analysis of the kinetics). Catalysts identified as being "poor" from these plots can be discarded as potential candidates, as even favorable kinetic profiles will be incapable of overcoming their thermodynamic deficiencies.
Figure 1.
A generalized reaction mechanism, coupling partners (Y), and functional group tolerance (R/Rʹ) for various cross-coupling protocols. Note that Suzuki coupling uniquely involves a ligand exchange step in which Br is replaced by an alkoxy prior to transmetallation, which results in formation of a Y-alkoxy (as opposed to a Y-Br) species during Rxn B. This ligand exchange step is absent in the other cross-coupling protocols. Both the Suzuki and Hiyama coupling utilize activated coupling partners. Additionally, a recent study 67 has shown that the organozinc species used in Negishi coupling exist with tightly coordinated THF molecules, which have been included here.
While the ultimate success of a chemical transformation generally relies upon selecting an appropriate catalyst (perhaps identified via volcano plots), for homogeneous systems numerous other "external" factors might also be considered. This situation is perfectly illustrated by the different C-C cross-coupling protocols presented in Figure 1 , which, despite employing similar (or identical) catalysts, tolerate and form new C-C bonds between different functional groups (R/R'=alkyl, aryl, alkenyl, etc.) with varying degrees of ease. For example, the choice of the coupling partner "Y" used during the transmetallation step (Rxn B, Figure 1 ) strongly influences the overall catalytic cycle energetics. Suzuki's seminal work employed a palladium triphenylphosphine catalyst with an organoborate coupling partner ("Y" in Figure 1 ), which successfully coupled two vinyl groups (or a vinyl and an alkynyl) to form dienes (or enynes). 13 However, the coupling partner "Y" can be changed, thereby creating different cross-coupling protocols. As such, the organoborate found in Suzuki coupling can be replaced by a Grignard reagent (the reaction is then known as Kumada coupling), which causes a corresponding change to the reaction's energetic profile 
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Computational Methods. The geometries of all species were optimized using the M06 74, 75 density functional coupled with the def2-SVP 76 basis set with solvation accounted for using the implicit SMD model 77 (in THF) as implemented in Gaussian09. 78 Known problems with the size of the integration grid 79 for the M06 functional were accounted for by using the "ultrafine" grid setting. Reported free energies include unscaled enthalpies and contributions arising from vibrational entropy only, as determined by vibrational analysis (see SI for further details). Scaling of the entropy contributions prevents the underestimation of association processes that occur within solvent (since the rotation and translation of molecules are strongly hindered) and has previously been employed to provide better energetic assessments of transition metal catalyzed reactions.
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Results and Discussion
Small Ligands Realistic Ligands This document is the Accepted Manuscript version of a Published Work that appeared in final form in ACS Catalysis, copyright © American Chemical Society after peer review and technical editing by the publisher. To access the final edited and published work see https://pubs.acs.org/doi/abs/10.1021/acscatal.7b01415. Figure 1 illustrates the key mechanistic steps common to any cross-coupling catalytic cycle. In essence, the complete mechanism can be reduced to just three fundamental steps:
oxidative addition, transmetallation, and reductive elimination. 84, 85 While this abbreviated mechanism remains virtually identical for each type of cross-coupling, energetic differences do arise when the coupling partner "Y" needed to complete the transmetallation step is changed ( Figure 1 ).
Constructing volcano plots for each of the cross-coupling protocols listed in Figure 1 requires establishing linear free energy scaling relationships (LFESRs) between the catalytic cycle intermediates (see SI and ref. 65 for technical details and the mathematical derivations leading to the volcano plots). These LFESRs permit the relative energy of each stationary point on the potential energy surface to be estimated from the value of a "descriptor variable".
For our case, the suitable descriptor was previously shown to be the free energy associated with oxidative addition 65 ( Figure 1 , Rxn A), which also represents the magnitude of the binding interaction between the catalyst and the substrate and, thus, is a quantitative description of Sabatier's principle. 86 , 87 Sabatier's principle states that an ideal catalyst should neither bind a substrate too strongly nor too weakly and that an optimal balance exists between adding reactants and dissociating products from the catalyst. Using the magnitude of this catalyst/substrate interaction as a descriptor, along with the associated LFESRs, it is possible to create a volcano plot that provides quantitative information concerning the free energies needed to complete different steps (i.e., oxidative addition, transmetallation, reductive elimination) of the catalytic cycle. Note that we have previously discussed the construction of LFESRs and volcano plots in detail, 65, 66 and direct the interested reader to those references for more detailed explanations.
This document is the Accepted Manuscript version of a Published Work that appeared in final form in ACS Catalysis, copyright © American Chemical Society after peer review and technical editing by the publisher. To access the final edited and published work see https://pubs.acs.org/doi/abs/10.1021/acscatal.7b01415. (Figure 1) ], which subdivides each of the volcano plots (e.g., Figure 2) into three areas based on its value. These three areas (defined by the descriptor variable)
indicate regions in which different steps of the catalytic cycle are potential determining.
Catalysts falling in region I (the "strong binding" side of the volcano) have catalyst/substrate binding interaction that are too strong, which makes reductive elimination the thermodynamically most difficult step of the catalytic cycle to complete. In contrast, catalysts in region III (the "weak binding" side of the volcano) have binding interactions that are too weak, which makes oxidative addition the thermodynamically most difficult step. In region II, the catalysts have "ideally balanced" binding energies, in line with Sabatier's principle, 86, 87 in which case transmetallation becomes the thermodynamically most difficult process. The yaxis, on the other hand, defines the free energy need to complete the potential determining step (pds) of the catalytic cycle (i.e., the most thermodynamically difficult), as defined by: This Creating a Generalized Thermodynamic Picture. Ultimately, it would be highly desirable to create a unified cross-coupling picture capable of concisely summarizing the thermodynamics of the different "name" reactions within a single graphic. 88 As a result of the considerable similarities between the different cross-coupling protocols, this can be accomplished through construction of a 3D-volcano plot. plots, catalysts falling into areas I and III tend to bind substrates either too strongly or too weakly, respectively. In the third region, area II, the catalytic cycle energetics are governed by the free energy needed to complete the transmetallation step. As in 2D volcano plots, catalysts lying in area II have "balanced" binding in line with Sabatier's ideal catalyst principle. 86, 87 This means that area II of the 3D volcano plot (Figure 4b ) directly corresponds to the volcano plateau in the 2D plots ( Figure 2 ).
While gaining a comprehensive understanding of all aspects of the 3D volcano plot appears daunting, it is actually rather simple. In essence, the 3D volcano can be sliced horizontally with each slice being a unique 2D volcano plot that describes the energetics associated with using a specific cross-coupling partner for transmetallation. This point is This document is the Accepted Manuscript version of a Published Work that appeared in final form in ACS Catalysis, copyright © American Chemical Society after peer review and technical editing by the publisher. To access the final edited and published work see https://pubs.acs.org/doi/abs/10.1021/acscatal.7b01415.
14 illustrated in Figure 5 , which depicts those horizontal "slices" corresponding to the crosscoupling protocols presented in Figure 1 .
The obvious conceptual advantage of 3D volcano plots is the possibility to quickly compare the energetic influence associated with using different transmetallation partners. The horizontal slices, depicted as dashed white lines in the Figure 5 color plot, clearly illustrate the considerable variation in the free energies of transmetallation. For example, Hiyama coupling ( Figure 5, F) has the thermodynamically most difficult transmetallation step amongst the six cross-coupling protocols presented (i.e., its y-axis value is the most positive).
This situation contrasts organolithium (LiR) cross-coupling ( Figure 5, B) , for which the transmetallation step is highly exergonic. Such energetic factors may become of key importance when selecting a catalyst to facilitate a desired cross-coupling reaction or for the in silico screening on new cross-coupling catalysts (vide infra). Figure 6 provides the answers to these questions. In short, the intrinsic properties (i.e., the magnitude of the catalyst/substrate interaction) of many palladium phosphines are nearly perfectly tuned to catalyze cross-coupling reactions. In other words, these catalysts closely match Sabatier's "ideal catalyst" for all possible cross-coupling reactions. This behavior is reflected by the vertical dashed line representing Pd(R7) 2 [denoted This document is the Accepted Manuscript version of a Published Work that appeared in final form in ACS Catalysis, copyright © American Chemical Society after peer review and technical editing by the publisher. To access the final edited and published work see https://pubs.acs.org/doi/abs/10.1021/acscatal.7b01415.
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"Pd", Figure 6 ] which falls in the ideally balanced area (i.e., the volcano top) for both Hiyama and Suzuki coupling. For the hypothetical "Sabatier ideal" cross-coupling reaction ( Figure 6 , A) for which the transmetallation step no longer dictates the catalytic cycle thermodynamics (i.e., there is no longer a plateau atop the volcano), the palladium catalyst still lies almost directly on the volcano peak, which indicates it has nearly the best theoretically possible free energy for the catalytic cycle's potential determining step. Thus, the 3D volcano plot predicts this palladium phosphine catalyst (and most palladium phosphine species in general) to make excellent catalysts for all cross-coupling protocols. The ability of 3D volcano plots to rationalize experimentally known trends and to serve as tools for computational screening already renders them attractive for better understanding catalytic behavior. But their power is not limited to explaining experimental observations; rather, these plots also assist in reaction optimization and identifying new
catalytic species, as elegantly illustrated in Figure 6 . The "Ni" vertical line represents the free energies associated with the Ni(R7) 2 catalyst, which clearly, has very different intrinsic properties than the previously discussed Pd(R7) 2 catalyst, as indicated by a catalyst/substrate binding energy difference of ~30 kcal/mol (x-axis values, Figure 6 ). Indeed, an assessment of the 2D "ideal" volcano ( Figure 6, A) shows that this Ni species is expected to have a significantly worse thermodynamic profile than its Pd counterpart (i.e., the species falls further from the volcano peak with a less exergonic potential determining step). However, by changing the transmetallation cross-coupling partners the value of the potential determining step of the Ni species become progressively closer to that of Pd. Specifically, Ni has closer energies to Pd for Suzuki coupling (Figure 6, C) , while the energies of Ni are actually superior to Pd for Hiyama coupling (Figure 6, F) . Similarly, broadening the volcano plateau by decreasing the exergonicity of transmetallation dramatically improves the Au(R7) 2 energetic profile relative to Pd(R7) 2 . As in the Ni example, for Hiyama coupling this gold catalyst is predicted to have superior thermodynamics to its Pd counterpart.
Examples such as these highlight how 3D volcano plots provide a systematic way of identifying new catalysts through the screening of one or two easily computed descriptor variables. More generally, these plots also reveal that whether a catalyst/substrate interaction is considered "ideal" (in line with Sabatier's principle) depends heavily on the free energies of the intermediary catalytic cycle steps (e.g., transmetallation). Thus, those catalysts considered to be balanced in terms of Sabatier's principle will vary widely depending on the specific energetics of the catalytic cycle intermediary steps. As a practical illustration of this idea, the broader plateau of Hiyama, in comparison to Suzuki, coupling ( Figure 6 ) indicates that the former can be accomplished with a significantly more diverse set of catalysts spanning a wide-range of binding abilities [i.e., the plateau spans ~70 kcal/mol along the xaxis, (Figure 6, F) ], albeit with generally less desirable thermodynamics than, e.g., Suzuki coupling. Thus, any catalyst having a catalyst/substrate binding energy falling within this
range is considered to be "ideally binding". In contrast, the plateau region of the volcano for Suzuki coupling (Figure 6 , C) is less broad and only spans a range of ~20 kcal/mol, meaning that far fewer catalysts will fulfill Sabatier's "ideal binding" concept for this reaction protocol in comparison to Hiyama coupling. The opposite situation is also true, moving toward more reactive transmetallation species (e.g., LiR coupling, Figure 2f ) should cause the number of potential catalysts to decrease. By elegantly highlighting these relationships, 3D volcano plots not only provide an energetic overview of a chemical reaction of interest, but also reveal strategies that lead to the rational design on new chemical reactions. This document is the Accepted Manuscript version of a Published Work that appeared in final form in ACS Catalysis, copyright © American Chemical Society after peer review and technical editing by the publisher. To access the final edited and published work see https://pubs.acs.org/doi/abs/10.1021/acscatal.7b01415.
Synergy between volcano plot predictions and experimental/computational findings.
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rapidly 133 and may be substantially more difficult to control. This has indeed been the reputation of organolithium based cross-couplings, 134 although progress has been made to have better control over the reactions.
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Conclusions
In conclusion, through the development and utilization of a 3D volcano plot we have This document is the Accepted Manuscript version of a Published Work that appeared in final form in ACS Catalysis, copyright © American Chemical Society after peer review and technical editing by the publisher. To access the final edited and published work see https://pubs.acs.org/doi/abs/10.1021/acscatal.7b01415.
